We describe imaging of calcium concentrations using the long-wavelength Ca 2+ indicators, Calcium Green, Orange, and Crimson. The lifetimes of these probes were measured using the frequency-domain method and were found to increase from 50% to severalfold in response to calcium. The two-dimensional images of the calcium concentration were obtained using a new apparatus for fluorescence lifetime imaging (FLIM). We also describe procedures to correct for the positiondependent frequency response of the gain-modulated image intensifier used in the FLIM apparatus. Importantly, the FLIM method does not require the probe to display shifts in the excitation or emission spectra. Using the FLIM method, calcium imaging is possible using probes which display changes in lifetime in response to calcium. Consequently, calcium imaging is possible with excitation wavelengths ranging from 488 to as long as 620 nm, where autofluorescence and/or photochemical damage is minimal. These probes are also suitable for calcium measurements of single cells using lifetime-based flow cytometry.
INTRODUCTION
Measurements of the intracellular concentrations of Ca 2+ are of considerable interest in biochemistry and cell physiology. The intracellular concentration of free Ca 2+ is tightly regulated and cannot be determined by disruptive methods. Consequently, most measurements of intracellular calcium or Ca z+ imaging are performed using fluorescence indicators (1-3), such as Quin-2 and Fura-2, which change intensity in response to Ca 2+. The second-generation dye Fura-2 is currently preferred for a variety of chemical and biochemical reasons (3, 4) . The probes has been developed by Molecular Probes (11) . These probes, called Calcium Green (CaG), 4 Calcium Orange (CaO), and Calcium Crimson (Cat), have absorption maximum at 508, 552, and 590 nm, respectively, and still longer excitation wavelengths could be used on the long-wavelength sides of the absorption. The chemical structures of these probes have only recently become available (12) and are shown in Scheme I. These probes are conjugates of 2',7'-dichloro-5-carboxyfluorescein, tetramethylrhodamine-6-isothiocyanate (TRITC), and Texas red sulfonyl chloride, with the calcium chelator, 5'-amino-l,2-bis(2-aminophenoxy)ethane-N,N,N',N'-tetraacetic acid (5'-amino BAPTA). However, using the presently available methods of fluorescence microscopy, these probes cannot be considered to be substitutes for Fura-2 because there are no shifts in their excitation or emission wavelengths in response to Ca 2+.
In the present report we describe the use of Calcium Green, Orange, and Crimson for imaging of calcium concentrations without the need for wavelength-ratiometric methods. We found that the fluorescence lifetimes of these probes increase upon Ca 2+ binding. We used a new imaging methodology, fluorescence lifetime imaging (FLIM), in which the fluorescence lifetime at each pixel is used to create the image contrast. The FLIM apparatus is a frequency-domain device (13, 14) which uses a gain-modulated image intensifier (15, 16) , allowing simultaneous acquisition of the lifetime information at all pixels in the image. Importantly, lifetimes are absolute rather than relative quantities, so that these FLIM measurements do not require additional calibration.
PRINCIPLE OF FLUORESCENCE LIFETIME IMAGING
The concept of fluorescence lifetime imaging is shown schematically in Fig. 1 . At present the FLIM apparatus has not yet been adapted in a microscope, so that the "object" consists of a row of four to six cuvettes, each containing the calcium indicator and different concentrations of free Ca z+. Observation of the 4 Abbreviations used: CaG, CaO, and CaC, Calcium Green, Orange, and Crimson, trademarks of Molecular Probes, Eugene, OR 97402; CCD, charged-coupled device; FD, frequency domain; FLIM, fluorescence lifetime imaging; Fura-2, 2-(6-bis(carboxymethyl)amino)-5-(2-(2-(bis(carboxymethyl)amino)-5-methylphenoxy)ethoxy-2-benzofuranyl-5-oxazolecarboxylic acid; MCP, microchannel plate; Quin-2, 2-{[2-bis-(carboxymethyl)-amino-5-methylphenoxyl]-methyl}-6-methoxy-8-bis-(carboxymethyl)-aminoquinoline intensity image will not reveal calcium concentrations unless the indicator concentration is known, which is generally not possible in a microscopic sample. However, fluorescence lifetimes are independent of the local probe concentration, providing that the measurements are within the dynamic range of the apparatus and the fluorophores are not so concentrated as to display selfquenching effects. Hence, for a suitable probe, the lifetime provides a measure of the calcium concentration in each cuvette and/or region of the image.
To create the FLIM images we use the image intensifier as a two-dimensional (2D) phase-sensitive detector, in which the signal intensity at each position (r) depends on the phase angle difference between the emission and the gain modulation of the detector. This results in a constant intensity which is proportional both to the concentration of the fluorophore (C) at location r [C(r)] and to the cosine of the phase angle difference, r) = kC(r)
In this expression 0D(r) is the phase of the gain modulation and 0obs(r) is the phase angle of the fluorescence, m(r) is the modulation of the fluorescence, and mD(r) is the gain modulation of the detector. This term roD(r) also contains a factor proportional to the extent of modulation of the incident light. In this expression 0D(r) -----0 corresponds to the detector being in phase with scattered light, that is, a lifetime of zero.
The lifetime image cannot be calculated from a single phase-sensitive image. However, the phase of the emission can be determined by examining its dependency on the detector phase angle dependence of the emission [Eq. (1)], which can be accomplished by a series of electronic delays. We collect a series of phase-sensitive images (Fig. 1) , in which 0D(r) is varied over 360 ~ or more. The phase-sensitive intensities at each pixel are used to determine the phase at each pixel.
We also use the spatially dependent modulation to create modulation or modulation-lifetime images. The modulation [m,m(r)] of the emission, relative to the observed modulation of a reference (R) solution [ma(r)], is given by mobs(r ) _ m~(r) ( 
2) m R (r)
In the present measurements we used the phase (0a) and modulation (mR) of the Ca2+-saturated sample as the reference, as shown previously for lifetime standards (17) .
Calcium Green Calcium Orange Calcium Crimson Scheme I. Chemical structures of Calcium Green (CaG), Orange (CAD), and Crimson (CaC).
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IC F ,~ /'m, /~ ,~"~r-~o e,, These phase and modulation values were determined using standard frequency-domain measurements (13, 14, 18, 19) of the same samples. The true value of the modulation at each point in the image, corrected for the nonzero lifetime of the reference ('rR), is given by
where mobs(r ) is the observed modulation relative to the reference sample or region of the image (17) . Similarly the phase angle of the sample, corrected for the phase 
where 0ohm(r) is the phase angle observed relative to the reference, and O R = atan (~'rR) is the phase angle of the reference relative to the excitation. These phase and modulation images can be transformed to lifetime images. The phase angle of the fluorescence is related to the apparent phase lifetime % and the light modulation frequency (~o, in radians/s) by
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EXPERIMENTAL

FLIM Instrumentation
A detailed description of the FLIM apparatus is given elsewhere (15, 16) . The light source is a ps dye laser system, consisting of a mode-locked argon ion or Antares Nd:YAG laser, which synchronously pumps a cavity-dumped dye laser containing rhodamine 6G. CaC and CaO were excited with the dye laser output at 565 or 590 nm, respectively, with a repetition rate of 3.81 MHz. Phase and modulation measurements can be performed at any integer multiple of the cavity-dumped repetition rate of 3.81 MHz (20) . CaG was excited with the 514.5 nm output of the argon ion or the 532-nm output of the Nd:YAG with mode-locked repetition rates of 75.9 and 76.2 MHz, respectively.
The gated image intensifier was positioned between the target and a CCD camera. The intensifier gain was modulated by a RF signal applied between the photocathode and the microchannel plate (MCP) input surface. The detector was a CCD camera from Photometrics (Series 200) with a thermoelectrically cooled PM-512 CCD. In the early measurements, phase delays were introduced into this gating signal using calibrated coaxial cables. We subsequently installed a PTS 300 frequency synthesizer which allows the output phase to be changed electronically under control of an IBM/PC and an IEEE interface. Identical results were obtained for the cable and electronic phase shifts, except that the latter allowed for more rapid data acquisition.
The phase-sensitive images are rather large (512 x 512 pixels and 520-kbyte storage for each image). To allow rapid calculation of images we developed a noninteractive algorithm which uses each image or region of an image only one time (16) . This algorithm (CCDFT) calculates the phase and modulation at each pixel, using the phase-sensitive images obtained with various detec- tot phase angles [Eq. (1)]. The FLIM algorithm (16) has been modified because of an intensity-dependent bias in the calculated lifetimes. The phase of the detector is generally shifted relative to that of the modulated excitation (Or) due to time delays throughout the apparatus. In the present report, the detector phase angles are given as 0' = eD + e~, where e~ is the phase shift intrinsic to the apparatus. Calculation of the phase angle or lifetime of the emission requires correction of the apparent phase angles for this instrumental shift. And, finally, we note that the experiments were performed with six cuvettes which were imaged over the entire diameter of the image intensifier. Hence, in contrast to our earlier measurements (16, 21) , it was necessary to correct the present data for the time-and position- Table I footnotes for additional details. dependent response of the image intensifier. More specifically, we noticed that the phase angle of the gain modulation was not uniform across the intensifier and that the central region of the intensifier was delayed in phase relative to the regions near the outer circumference. The position-dependent shift in the intensifier was measured using a cylindrical tube containing a dilute solution of rhodamine 6G (R6G). The tube was positioned so that the laser beam propagated along its central axis. The lifetime is expected to be constant with distance so that the observed differences reflect the position-dependent response of the image intensifier. These values were used to correct the phase and modulation of the calcium indicator solutions by taking differences or ratios, respectively.
Frequency-Domain Measurements
Frequency-domain data were fit to the multiexponential model, where oq are the preexponential factors and 'r i are the lifetimes (18, 19) . The intensity decays were also fit to a global model in which the decay times were assumed to be independent of Ca 2+ concentration (k), but the values of c~ik to reflect changes in the fractional amounts preparation of each species, In this case the intensity decay at each Ca 2+ concentration is given by
where the subscript k indicates the Ca 2+ concentration. For the FLIM and FD measurements polarizers were not used to eliminate the effects of Brownian rotations, which are most probably insignificant for these decay times and viscosities. The excitation wavelengths and emission ill- 
Materials
Calcium Green (C-3010, Lot 22111, FW 1046), Calcium Orange (C-3013, Lot 22111, FW 1086), and Calcium Crimson (C-3016, Lot 22111, FW 1232) were obtained from Molecular Probes, Eugene, Oregon, and were used without further purification. Ca 2+ concentrations were obtained using the Calibrated Calcium Buffer Kit II, also from Molecular Probes. All [Ca z+] refer to the concentration of free calcium. For FD measurements the temperature was 20~ The FLIM measurements were done at room temperature, near 22~
RESULTS
Absorption and emission spectra of the three calcium probes are shown in Figs. 2-4 . The shapes of the absorption and emission spectra are not changed in the presence of Ca 2+. Consequently, these probes cannot be used as ratiometric indicators. However, the fluorescence intensities increase in response to Ca 2+ (Figs. 3 and 4). The intensity change is greatest for CaG (10.2-fold) and is smaller but still substantial for CaO (3.2-fold) and CaC (3.6-fold). We note that these enhancements are particularly suitable for FLIM measurements because the probes display detectable emission in the absence and presence of Ca 2+. If the probes were nonfluorescent in the absence of Ca z+, then a lack of measurable intensity could be interpreted as being due to either no Ca 2+ or no probe at a specific location. It is also important to recognize that the observation of a CaZ+-dependent change in intensity does not necessarily imply that the lifetime will also be dependent on Ca 2+. For instance, if the intensity of the Ca2+-free form of the dye is not significant, then the emission will be due to only the CaZ+-bound form. Then, the lifetime will be that of the CaZ+-bound form, independent of Ca 2+ concentration. For this reason it is important to characterize the intensity decay of the probes, over a range of Ca 2+ concentration. We examined the intensity decay of the calcium probes using frequency-domain fluorometry. The Ca 2+-dependent frequency responses are shown in Figs. 5 and 6. In each case the frequency response shifts to lower frequency in the presence of calcium, with the largest shift being observed for CaG and less substantial shifts for CaO and CaC. The results demonstrate that the lifetimes of these probes are dependent on Ca 2+ and that these probes are therefore suitable for FLIM.
53
The frequency-domain data were analyzed in terms of the multiexponential model. The intensity decays were all found to be complex, with the greatest degree of heterogeneity being observed for intermediate calcium concentrations or in the absence of calcium. This is illustrated for CaG in Table I . At calcium concentrations higher than 225 nM the decay is doubly exponential, with more than 95% of the intensity originating from the 3.7-ns component in the decay. At the intermediate calcium concentration of 38 nM the decay is strongly heterogeneous, as seen from the values of • from the single-decay time fits (Table I) . Also, the data require three decay times for an adequate fit, with significant emission from the short (20-to 50-ps) and long (3.7-ns) components. Three decay times are also required to fit the CaG intensity decay in the absence of calcium (Table  I ). At present we are not certain whether the three decay times are intrinsic to the CaG probe. In the case of Quin-2 (21) we found that the intensity decay of a pure sample could be explained using just two decay times but that the presence of an impurity resulted in the appearance of a third decay time. A similar situation is possible for CaG. The third decay time could be the result of a fluorescent impurity, a species of CaG not responsive to calcium, or the presence of a trace amount of calcium in the presumed Ca2+-free sample.
We reasoned that the same decay times should be present at all calcium concentrations but that the amplitudes (preexponential factor) should be Ca 2+ dependent. This prediction is based on the probability that the emission rates are not altered by Ca 2+, in which case the o~ i values represent the fraction of the fluorophore populations with the decay time "ri. To test this prediction we performed a global analysis with global decay times but with c~ i values which could be different for each [Ca2+] . The triple-exponential global analysis results in a very reasonable value of X 2 = 2.8 for CaG, whereas the global double-exponential fit results in an elevated value (Table II) . While the value of X~R from the double-exponential analysis is poor, we chose to report the c~,. and % values from this fit because these are probably representative of what would be observed using a more highly purified sample of CaG and/or instrumentation with less resolution of complex decays. These result supports the use of the multiexponential model with calcium-dependent oL~ values. However, we cannot exclude the possibility that the actual intensity decay is a distribution of lifetimes or of some other nonexponential form.
We also characterized the intensity decays of CaO and CaC. In both cases, the presence of Ca z+ resulted in an increase in the mean lifetime resulting from an increased amplitude of the longer lifetime component in the multiexponential decay (Tables III and V) . Also, the Ca2+-dependent decays of CaO (Table IV) and CaC (Table VI) were consistent with the global model in which the decay times are independent of calcium, but the am- Excitation, 590 nm; emission, >610 nm.
plitudes are Ca 2+ dependent. Once again, the triple-exponential model was needed to account for the intensity decays of CaO, but the decay of CaO appeared to be less heterogeneous than that of CaG. Also, the decay of CaC was still less heterogeneous, and at high [Ca 2+] the double-exponential model accounted for the data.
The mean decay times from the multiexponential analyses are summarized in Fig. 7 , which also shows the CaZ+-dependent intensities of the three probes. One notices that the relative increase in intensity in response to Ca 2+ is greater than the relative increase in lifetime. This could be the result of the mean lifetime being weighted toward the longer-lived components in the decay, which are also more intense than the short-lived components.
The results from the multiexponential analysis can be used to calculate the Ca 2+ dissociation constants for the Ca z+ probes. If one makes the reasonable assumption that binding of Ca 2+ does not alter the emissive rate, then the preexponential factors represent the fractional population of each form of the probe. These values for the Ca2 § preexponential factors are shown in Fig. 8 for CaG (top) and CaO and CaC (bottom). In the case of CaG (Fig. 8, top) , the value of c~3 increases and the values of % and % decrease with increasing amounts of Ca 2+. For the case of CaG, where the origin of the three decay times is uncertain, we assumed that % + % represents the fraction of the free probe, and the preexponential factor for the longest decay time (%) represents the fractional Ca 2 § saturation of the indicator (Fig. 8) . These CaZ+-dependent amplitudes can be used to calculate the apparent dissociation constants (Fig. 9) , tea2+] = KD Fm~x (9) as can the mean lifetimes or intensities, using 
In these expressions, the apparent values of KD are not necessarily equal, Fi refers to the intensities (Fig. 7) , and the ~i refers to the mean lifetime (Fig. 7) obtained using
In the case of CaO and CaC, the double-exponential model is nearly adequate to account for the intensity decays. Hence, we show (Fig. 8, bottom ) the dependence of cq and c~2 on [Ca2+], where c~1 and o~2 are assumed to represent the fractional amounts of probe without and with bound Ca 2+, respectively. The Ca 2+ dissociation constants can be obtained from the intensities, amplitudes or mean lifetimes, as shown in Fig. 9 for CaG. The dissociation constant can be found from the Y-axis zero intercept. The Ca 2+ dissociation constants are summarized in Table VII . The lower apparent value of KD obtained from the mean lifetime is a result of the larger contribution of the higherintensity CaZ+-CaG complex to the mean lifetime. These dissociation constants are in reasonable but not precise agreement with those reported recently by Eberhard and Erne (22) . The latter measurements were performed at different temperatures and over a range of pH values, and the author used only the intensity data. Hence, a detailed comparison of the KD values is not warranted at this time.
Fluorescence Lifetime Imaging of Calcium Green
The FLIM measurements are presently performed using a single modulation frequency. Hence, it is of interest to examine the Ca2+-dependent phase and modulation data at selected frequencies, in order to select an optimal frequency consistent with the lifetimes displayed by the samples and the useful frequency range of the FLIM instrumentation. Phase and modulation data for CaG, CaO, and CaC at selected frequencies are shown in Fig. 10 . CaG displays the largest change in phase and modulation (Fig. 10) , with very useful changes available from 70 to 500 MHz (Fig. 5) . Somewhat smaller changes in phase and modulation are seen for CaO and CaC than for CaG, but these changes are more than adequate with the current precision of our FLIM instrumentation. Conveniently, all three calcium indicators show substantial shifts in phase and modulation at frequencies below 160 MHz, which is near the upper frequency limit of our FLIM apparatus. It is important to recognize that a calibration curve of phase or modulation versus Ca 2+ concentration, such as those shown in Fig. 10 , can be obtained irrespective of the multiexponential intensity decay. Also, resolution of the multiexponential decay parameters is not required for lifetime imaging or cell-by-cell Ca 2+ measurements in flow cytometry.
It should be noted that the use of phase-modulation methods allows the apparent KD values to be shifted by selection of the modulation frequency or type of measurement. For instance, the apparent KD value from the phase data vary from 30 to 60 nM as the modulation frequency is increased from 75.9 to 303.6 MHz, and those from the modulation data change from 14 to 17 nM (not shown). Hence, a range of apparent KD values can be obtained by modification of the experimental details.
We expect FLIM to be useful in fluorescence microscopy where it is not practical to perform singlewavelength intensity measurements. However, in the present study we imaged a row of six cuvettes, each with a different Ca z+ concentration. This allowed control measurements in which the same samples were measured with our standard frequency-domain instrumentation. Such control measurements are needed to verify the accuracy of the phase and modulation data obtained from the FLIM apparatus. The FLIM images are calculated from a series of phase-sensitive images. Representative data are shown in Fig. 11 , which shows the phase-sensitive intensities for a single row of pixels at the central part of the illuminated region of the cuvettes. One notices that the phase-sensitive images vary dramatically with the phase angle shift between the detector gain and the emission. For instance, the phase-sensitive intensities of the six samples vary in amplitude and relative to each other as the detector phase angle is changed from 150 to 300 ~ (Fig. 11) . A series of phase sensitive images can be used to calculate a lifetime image. Images can be presented as a phase angle image or transformed into a phase lifetime image using Eq. (5). In Fig. 12 , the heights of the lines are the phase angle (top) or modulation (bottom) of a line drawn through the central area of the illuminated region of the cuvettes. In calculating this values we performed calculations only for regions of the image where the steady-state intensity was 5% or greater of the peak intensity. As expected from Fig. 10 , the phase angles increase and the modulation decreases with increasing concentrations of Ca 2 § Similar results were found at 152.4 MHz (Fig. 13) , except that the phase and modulation changes were larger at this higher frequency. The phase and modulation images in Figs. 12 and 13 can be used to compute lifetime images (Fig. 14) . These images show that the lifetimes increase in response to calcium. Perhaps more importantly, closer inspection of Fig. 14 shows that the apparent phase and modulation lifetimes are shorter at the higher frequency and that ,rp < "r m. These are the classical results for a multiexponential decay, which indicates that in the future, it will be possible to use multifrequency FLIM to accomplish a multiexponential analysis on a pixel-by-pixel basis.
It is important to emphasize that obtaining the expected values for the phase and modulation of CaG requires correction for the position-dependent frequency response of the image intensifier. This position-dependent response was measured by placing a tube filled with dilute solution of R6G into the laser beam so that it occupied the same area as the cuvettes. The phase angle across the intensifier varied from the central to the outer circumference, as shown in Fig. 15 . These intensifierdependent phase shifts were used to correct the phase angles o f C a G , r e s u l t i n g in the i m a g e s s h o w n in F i g s . 1 2 -1 4 . T h e p h a s e a n g l e s o b t a i n e d f o l l o w i n g this c o r r e ction are in g o o d a g r e e m e n t w i t h the v a l u e s m e a s u r e d w i t h our F D i n s t r u m e n t a t i o n (Tables VIII and IX) . One may question why a position-dependent correction was performed in these imaging studies but not in our previous measurements (16, 21) . In the previous studies, we used mostly lower modulation frequencies and a smaller number of samples imaged onto the central region of the intensifier. Consequently, the position-dependent phase and modulation were apparently more constant, and in fact, we did not notice the position dependence during some of the early experiments. We note that it should be easy and practical to correct for these effects during microscopy experiments. This can be accomplished by examination of homogeneous samples which display constant decay times.
It is difficult to present two-dimensional images using only a gray scale. Consequently, we developed a pseudocolor scale to image Ca 2 § These images are shown at 76.2 and 152.4 MHz in Figs. 16 and 17 , respectively. In these images, it is easy to relate a given phase or modulation value to a particular [Ca2+]. It is interesting to notice that the modulation lifetimes are generally longer than the phase lifetimes (bottom, Figs. 14 and 15), as is expected for a multiexponential decay (23, 24) . This suggests that it should be possible to use the decay heterogeneity in the lifetime images as part of the information content of FLIM. And finally, we note that the resolution of the FLIM images can be increased by use of a higher modulation frequency. The phase and modulation images at 152.4 MHz are shown in Fig. 17 . The change in both phase (top) and modulation (bottom) in response to calcium is greater at this higher frequency. This results in higher resolution of the Ca 2+ concentration, as can be seen from the more expanded Ca 2+ scale on the right side of each figure.
DISCUSSION
Fluorescence lifetime imaging provides a new opportunity for chemical imaging of cells. At present, the selection of fluorophores for FLIM is not straightforward. For instance, the Ca 2+ probes Fura-2 and Indo-1 (Lakowicz et al., unpublished observation) showed only small changes in phase angles in response to Ca 2 § A previous report indicated that the lifetime of Fura-2 is not strongly dependent on Ca 2+ (25) and the use of Fura-2 in cells is hindered by autofluorescence and other difficulties (26) . The present report expands the usefulness of FLIM to include imaging of Ca 2+ using visible excitation and emission wavelengths. Among these probes, Calcium Crimson can be used with excitation wavelengths of up to 630 nm, which will be advantageous, due to reduced autofluorescence and phototoxicity to the cells, and will also allow the use of less expensive light sources.
And finally, we note that it has recently become possible to measure fluorescence phase angles (phase lifetimes) of individual cells in a flow cytometer (27, 28) . The series of calcium probes characterized in the present report is ideal for such measurements because they can be excited with the argon ion lasers commonly used in flow cytometers, and the decay times are within the present resolution of phase-flow cytometers. Furthermore, the three Ca z+ probes each display a different range of intensity and Iifetime changes in response to Ca 2+, so that one of the probes can be selected as needed for the dynamic range of the phase flow cytometer and the desired range of Ca 2+ concentrations. The capability to measure intracellular Ca 2+ concentrations of individual cells rapidly will be a valuable research tool for cell physiology.
